Background: Malondialdehyde (MDA) released during oxidative stress modifies proteins covalently. Results: The C terminus of complement regulator factor H binds negative patches on MDA-modified proteins, and aHUSrelated mutations affect the interaction. Conclusion: Defects in factor H binding to MDA-modified surfaces might allow deleterious complement activation on them. Significance: MDA-modifications are potentially a new factor in aHUS pathogenesis. hemolytic uremic syndrome; tba-MDA, tetrabutylammonium salt of malondialdehyde; PLL, poly-L-lysine; A-BSA, BSA modified with acetic anhydride; FT, flow-through.
Atypical hemolytic uremic syndrome (aHUS) is a severe thrombotic microangiopathy characterized by uncontrolled complement activation against endothelial and blood cells.
Mutations in the C-terminal target recognition domains 19 -20 of complement regulator factor H (FH) are strongly associated with aHUS, but the mechanisms triggering disease onset have remained unresolved. Here we report that several aHUS-related mutations alter the binding of FH19 -20 to proteins where lysines have reacted with malondialdehyde (MDA). Although FH19 -20 did not interact with MDA-modified hexylamine, lysine-containing peptides, or a proteolytically degraded protein, it bound to MDA-modified polylysine. This suggests that FH19 -20 recognizes only clustered MDA adducts. Binding of MDA-modified BSA to FH19 -20 was ionic by nature, depended on positive residues of FH19 -20, and competed with the polyanions heparin and DNA. This could not be explained with the mainly neutral adducts known to form in MDA modification. When positive charges of lysines were eliminated by acetic anhydride instead of MDA, the acetylated BSA started to bind FH19 -20. Together, these results indicate that negative charges on the modified proteins dominate the interaction with FH19 -20. This is beneficial for the physiological function of FH because by binding to the negative charges of the modified target, FH could prevent excess complement activation initiated by naturally occurring antibodies recognizing MDA epitopes with multiple different structures. We propose that oxidative stress leading to formation of MDA adducts is a common feature for triggers of aHUS and that failure of FH in protecting MDA-modified surfaces from complement activation is involved in the pathogenesis of the disease.
Oxidative stress has been associated with the pathogenesis of many human diseases. It involves peroxidation of membrane lipids that leads to the generation of a variety of chemicals, including malondialdehyde (MDA) 2 (1) . MDA can covalently modify primary amino groups in proteins and lipids, forming adducts with various structures (Fig. 1) (1-3) . The presence of MDA epitopes has been shown on apoptotic cells (4), in retinal deposits (5) , and in atherosclerotic lesions (6) and low density lipoproteins extracted from them (7) .
Proteins can also be adducted with MDA in vitro, and, for example in the case of BSA, incubation with MDA yields MDA-BSA. With acetaldehyde added to the modification mixture, the newly formed hybrid structures have been called malondialdehyde-acetaldehyde adducts (MAA) (2, 8) . The term MAA has, however, also been used for the single structure MDHDC (Fig.  1C) (9, 10) . Although the most prominent one (10) , MDHDC is not the only adduct formed in acetaldehyde-enhanced MDAmodification (2) . MDHDC can also be formed in the absence of added acetaldehyde (1) . Therefore, we have not used the prefix "MAA" in this article. Instead, all MDA-modified targets have been named with the prefix "MDA," and the specific structure C in Fig. 1 has been designated as MDHDC.
MDA epitopes are potentially dangerous because they can activate immune responses. MDA-modified targets have, for example, been shown to increase the expression of proinflam-matory cytokines in monocytes and macrophages (11, 12) , most probably by signaling via scavenger receptors (13) . In addition, immunoglobulins specific for MDA-modified targets have been detected in healthy and diseased individuals (14, 15) . In a large cohort of diabetic patients, analysis of the antibodies against MDA-LDL showed them to be predominantly of types IgG 1 , IgG 3 , and IgM (16) . These are all known to efficiently activate the complement system, an important arm of innate immunity.
The complement system is a collection of over 30 proteins that act in protecting the body against invading microbes; removing damaged cells, debris, and immune complexes; and alerting and guiding the adaptive immune system (17) . Immunoglobulins bound to a surface trigger the classical pathway of complement, whereas the alternative pathway is activated spontaneously on all unprotected surfaces. Both pathways lead to the deposition of the opsonin C3b onto the target surface. Each C3b can form a convertase that generates new C3b molecules and, through this self-amplifying nature, result in prolific local C3b deposition. Propagation of the cascade finally leads to formation of lytic pores to cell membranes.
To prevent attack against host cells, the activation of complement needs to be tightly controlled. The main regulator of the alternative pathway in plasma is factor H (FH), a 155-kDa glycoprotein composed of 20 globular domains (18) . The N terminus of FH is responsible for regulatory functions such as the cofactor activity needed for inactivation of C3b. FH, however, inhibits complement activation effectively only on surfaces that contain its ligands (19, 20) , and the key in these interactions is the target recognition domains 19 -20 (21, 22) . The C terminus of FH has been shown to bind mainly anionic molecules, including heparin (23, 24) , sialic acids (25) , and DNA (26) .
Regulation of the complement system is severely disturbed in atypical hemolytic uremic syndrome (aHUS), a rare kidney disease characterized by massive hemolysis and formation of thrombi in the microvasculature (27) . Approximately 25% of aHUS patients carry a mutation in the gene encoding FH (28), with the majority of these clustering in domains 19 -20 (29 -31) . A genetic defect in FH, however, only predisposes to aHUS. In addition, a triggering event, such as an infection, drug treatment, or pregnancy, is needed for disease onset (27) , but the molecular mechanisms involved are poorly understood.
It has been described recently that FH domains 6 -8 and 18 -20 bind MDA epitopes (12) . FH polymorphism 402H affecting domain 7 reduced the interaction, providing an explanation for the strong association of this variant with age-related macular degeneration. MDA adducts in the context of aHUS have not been studied, but, for example, patients with the disease experience severe damage to the endothelium (27) , and endothelial cells injured by induction of apoptosis have been shown to exhibit MDA adducts (4, 32) . We hypothesized that dysfunction in binding of FH19 -20 to MDA epitopes could be involved in the pathogenesis of aHUS and, for example, explain why triggers associated with oxidative stress may initiate the disease in genetically susceptible individuals. Indeed, we were able to show that many aHUS-related mutations alter the binding of FH19 -20 to MDA-modified BSA. Furthermore, although the binding of FH19 -20 to MDA epitopes themselves could be detected, the interaction with modified proteins was found to be dominated by the negatively charged side chains exposed by the MDA treatment.
EXPERIMENTAL PROCEDURES
Materials-1,1,3,3-tetramethoxypropane, acetaldehyde, acetic anhydride, malondialdehyde tetrabutylammonium salt (tba-MDA), PMSF, poly-L-lysine (PLL) hydrochloride (molecular weight 15,000 -30,000), ubiquitin (from bovine erythrocytes), human serum albumin, human milk lysozyme, ribonuclease A (from bovine pancreas), bovine myelin basic protein, pepsin (from porcine gastric mucosa), and ␣-chymotrypsin (type II from bovine pancreas) were all from Sigma-Aldrich. Hexylamine was from Merck-Schuchardt. BSA was from multiple suppliers: Sigma-Aldrich, Bovogen Biologicals, and Biowest. FH was purified mainly as described previously (33) or purchased from Complement Technology. All FH fragments were expressed and purified mainly as described previously (24) . Production of the mouse mAb 1F83 recognizing the single MDHDC adduct has been documented previously (34) . Goat anti-FH antibody was from Calbiochem, and HRP-conjugated anti-mouse, anti-goat, and anti-rabbit antibodies were all from Jackson ImmunoResearch Laboratories. The anti-HA tag antibody was from GeneTex. N-terminally acetylated peptides with sequences SSSSSK, SSSSSKKK, and SSSSSKKKKK were from JPT Peptide Technologies. The microtiter plates used were Nunc MaxiSorp 96 flat-bottom plates. O-phenylenediamine reagent was from Dako. Gel filtrations were done with a HiLoad 16/60, Superdex 200 pg column (GE Healthcare). Heparin beads were from a disintegrated HiTrap Heparin column (GE Healthcare). Agarose was from SeaKem LE Cambrex BioScience Rockland.
Synthesis of MDA and Hexyl-MDHDC-Malondialdehyde sodium salt (sodium-MDA) was synthesized from 1,1,3,3-tetramethoxypropane as described previously (35) . 1-hexyl-4-methyl-1,4-dihydropyridine-3,5-dicarbaldehyde (hexyl-MDHDC) was synthesized as described previously (9) , except that dichloromethane was used instead of chloroform. Column chroma-tography (R f ϭ 0.64, 1:9 methanol:dichloromethane) afforded the product as a yellow solid. 1 H NMR analysis of the product (Bruker Avance 400) was performed: ␦ 9.28 (s, 2H, CHO), 6.67 (s, 2H, CϭCH), 3.94 (q, J ϭ 6.5 Hz, 1H, CH-CH 3 ), 3.44 (t, J ϭ 7.0 Hz, 2H, NCH 2 ), 1.74 -1.32 (m, 8H, (CH 2 ) 4 ), 1.11 (d, J ϭ 7.5 Hz, 3H, CH 3 -CH), 0.91 (t, J ϭ 7.0 Hz, 3H, CH 3 -CH).
Cloning FH6 -8 and Tagging FH6 -8 and FH19 -20-FH domains 6 -8 were cloned as described previously for FH19 -20 (36) but using primers T ATA GAA CCG CGG CTA AGA TTT AAT GCA CGT GGG TTG AGC TG and ATG TAA TCT GCA GGA ACC TTG AAA CCT TGT GAT TAT CCA GAC. HA tags were added to the N termini of both FH6 -8 and FH19 -20 in two steps using pPICZ␣B plasmids containing FH6 -8 and FH19 -20 sequences as templates. Amplification was first done with primers T ATA GAA CCG CGG CTA AGA TTT AAT GCA CGT GGG TTG AGC TG and TAC GAT GTT CCA GAT TAC GCT ACC TTG AAA CCT TGT GAT TAT CCA GAC (for FH6 -8) and TA TAG AAC CGC GGC TAT CTT TTT GCA CAA G and TAC GAT GTT CCA GAT TAC GCT AAA GAT TCT ACA GGA AAA TGT GGG CC (for FH19 -20). The products were then reamplified, but with the latter primer in each primer pair changed: AGT AAT TCT GCA GGA TAC CCA TAC GAT GTT CCA GAT TAC GCT ACC (for FH6 -8) and AGT AAT TCT GCA GGA TAC CCA TAC GAT GTT CCA GAT TAC GCT AAA GAT TC (for FH19 -20) .
Protein Measurements-Protein concentrations were determined with a BCA protein assay kit (Novagen). The relative fluorescence of proteins was measured with a Thermo Scientific Fluoroskan Ascent FL microplate reader using an excitation/emission filter pair of 355/460 nm. Absorbances at 492 nm were measured with a Labsystems iEMS Reader MF microplate reader.
Mass Spectrometry-Peptide samples were purified using Millipore C18 Zip Tips (Millipore), dried, and dissolved in 5 l of 50% acetonitrile containing 0.1% trifluoroacetic acid. Aliquots of 1.0 l were applied onto the target, and 1.0 l of saturated ␣-cyano-4-hydroxycinnamic acid was added, followed by drying in air. The measurements were performed using a MALDI-TOF/TOF Ultraflex instrument (Bruker Daltonics). The parameter settings were optimized for analyses of peptides up to the mass-to-charge ratio (m/z) of 5000. External calibration was done using peptide calibration standard I (Bruker, part no. 206195). The N2 laser (337 nm) was used at a 50-Hz frequency. Results were analyzed with the FlexControl program (Bruker Daltonics).
MDA Modifications-MDA modifications were performed mainly as described previously (35, 37) . Briefly, BSA (2 mg/ml) was incubated in 100 mM phosphate (pH 7.2) with 1-85 mM MDA in rotation at 37°C for 17 h to produce MDA-BSA. In the indicated assays, 20 mM acetaldehyde was added to the reaction mixture. Unreacted aldehydes were removed by changing the buffer to PBS with a concentrator (Amicon Ultra-15, Ultracel 30k, Millipore).
Pepsin, human serum albumin, ubiquitin, lysozyme, ribonuclease A, FH19 -20 (each 1 mg/ml) and myelin basic protein (0.5 mg/ml) were modified with 50 mM MDA in 25 mM phosphate (pH 7.3) in rotation at 37°C for 72 h, followed by storage on ice. Controls were prepared and handled identically, except for omitting MDA or protein from the reaction mixture.
The synthetic peptides (0.9 mg/ml) used were modified with 60 mM sodium-MDA and 20 mM acetaldehyde and PLL (1.6 mg/ml) with 200 mM tba-MDA in 30 mM phosphate (pH 7.2-7.3) at 37°C for 17 h, followed by storage on ice or at Ϫ20°C. Controls were prepared and handled identically, except for omitting MDA and acetaldehyde, or peptides/PLL, or both from the reaction mixture.
Ubiquitin (4 mg/ml) was modified in 50 mM phosphate buffer (pH 7.4) containing 160 mM tba-MDA at 37°C for 65 h. Unreacted MDA was removed, and the buffer was exchanged to PBS with a concentrator (3K, Microcon, Millipore).
Procedures Common for the Microtiter Plate Assays-After coating, microtiter plate wells were blocked with either PBS or TBS containing 0.5% BSA for 1-2 h at room temperature or for 17 h at 4°C. In binding, PBS or TBS containing 0.1-0.5% BSA was used as a buffer. Bound 1F83 was detected with HRP-conjugated anti-mouse antibody, FH with goat anti-FH antibody followed by HRP-conjugated anti-goat antibody, and anti-HA tag antibody with HRP-conjugated anti-rabbit antibody. The plates were developed with O-phenylenediamine substrate and H 2 O 2 according to the instructions of the manufacturer. Absorbances were measured at 492 nm.
Comparison of MDA Salts-First, the relative fluorescence of 10 g of BSA modified with sodium-MDA or tba-MDA in the presence of acetaldehyde was measured. Second, ϳ2 g of sodium-or tba-MDA-BSA was run in native PAGE. Third, microtiter plates were coated with 0 -24 g/ml of sodium-or tba-MDA-BSA and incubated with the mAb 1F83 (0.4 g/ml) or FH (1 g/ml).
Binding of Mutant FH19 -20 to MDA-BSA-Microtiter plates were coated with MDA-and acetaldehyde-modified BSA (10 g/ml) or native BSA as a control. Wells were incubated with WT or mutant FH19 -20 (1.2-1.5 g/ml).
Effect of NaCl on Binding to MDA-BSA-Microtiter plates were coated with MDA-and acetaldehyde-modified BSA (20 g/ml) using native BSA as a control. Wells were incubated with FH19 -20 (0.5-0.9 g/ml) and an increasing concentration of NaCl (68.5, 137, 274 or 548 mM).
Heparin Bead Assay-FH19 -20 (4 g) in PBS was mixed with BSA treated with acetaldehyde only (0.18 mg, control) or with both acetaldehyde and malondialdehyde (0.14 mg) in a total volume of 23 l and incubated at 37°C for 20 min. 14 l of this mixture was pipetted onto 7 l of packed heparin beads in PBS and mixed. Samples of supernatant (FT, 10 l) and start mixtures (5 l) were drawn and run in 12.5% SDS-PAGE gel. The gel was stained with Coomassie G-250 and visualized with UV light. Bands were analyzed using ImageJ software (National Institutes of Health). The intensities of FH19 -20 bands in FT were compared with the FH19 -20 band intensities of the respective start mixtures (percent FT/start).
Gel Shift Assay-Linearized plasmid DNA (0.1 g) was mixed with FH19 -20 (15 g) and various amounts of MDAand acetaldehyde-modified BSA (0, 12, 24, 48, and 72 g) in PBS. Glycerol was added to a final concentration of 10%, and samples run in EtBr-containing 1% agarose gel using TBE as the running buffer. DNA bands were visualized with UV light.
FH19 -20 Binding to Acetylated BSA-BSA was acetylated as described previously (38) . The acetylated BSA (A-BSA) as well as the control MDA-modified BSA were further purified by gel filtration using PBS as the running buffer. Microtiter plates were coated with native MDA-BSA or A-BSA (10 g/ml). Wells were incubated with the mAb 1F83 (0.4 g/ml) or FH19 -20 (4 g/ml).
FH19 -20 Binding to Several MDA-modified Proteins with Different pI Values-Microtiter plates were coated with MDA modification mixtures of pepsin, human serum albumin, ubiquitin, ribonuclease A, FH19 -20, lysozyme, or myelin basic protein (each 30 g/ml). Reaction mixtures containing only MDA or native proteins were used as controls. Wells were incubated with the anti-MDHDC mAb 1F83 (0.7 g/ml) or FH19 -20HA (0.15 g/ml) and anti-HA tag antibody. Isoelectric points of proteins were estimated using the ProtParam Tool (ExPASy, Swiss Institute of Bioinformatics).
Inhibition Assays with Hexyl-MDHDC-Microtiter plate wells were coated with MDA-and acetaldehyde-modified BSA (20 g/ml) or native BSA as a control. Wells were incubated with FH19 -20 (3 g/ml) or mAb 1F83 (0.2 g/ml) and increasing concentrations of hexyl-MDHDC (0 -115 g/ml).
Binding to MDA-modified Peptides-Microtiter plates were coated with mixtures containing the MDA-modified peptides (10 g/ml peptide for the 1F83 and 60 g/ml for FH19 -20HA). Modification mixtures containing only MDA and acetaldehyde or only native peptides served as controls. Wells were incubated with the mAb 1F83 (0.7 g/ml) or FH19 -20HA (0.15 g/ml) and anti-HA-tag antibody.
Binding to MDA-modified PLL-Microtiter plates were coated with MDA-PLL reaction mixture (0.01 g/ml for the 1F83 and 10 g/ml for FH19 -20). Reaction mixtures containing MDA only or native PLL only were used as controls. Wells were incubated with the mAb 1F83 (0.7 g/ml) or FH19 -20 (1.2-1.5 g/ml).
Effect of Proteolysis on Binding of FH19 -20 to MDA-modified Protein-Equal amounts of MDA-modified ubiquitin (2.25 mg) were incubated with and without ␣-chymotrypsin (0.7 mg) in PBS at 37°C for 2 h. Protease only served as one of the controls. PMSF was added to all three samples to a final concentration of 1.4 mM. The tubes were cooled on ice before adding protease to the non-proteolyzed MDA-ubiquitin control. Samples of these mixtures were incubated for 30 min at 22°C before adding SDS-PAGE loading dye and running into a gel to verify proteolysis of the digested, but not the undigested, MDA-ubiquitin. The fluorescence of 3 l of each mixture was measured. Microtiter plates were then coated with MDA-and acetaldehyde-modified BSA (10 g/ml). Wells were incubated with mAb 1F83 (0.7 g/ml) or FH19 -20 (0.5 g/ml) and increasing concentrations of proteolyzed or non-proteolyzed MDA-ubiquitin (or protease only as the other control).
Statistical Methods-One-way analysis of variance with Dunnett's multiple comparison post-tests were performed using GraphPad Prism software to assess the statistical significance of observed differences.
Structural Analysis-The location of the residues identified to mediate binding to MDA-and acetaldehyde-modified BSA on the crystal structure of FH19 -20 (36) described previously was visualized with PyMOL software (DeLano Scientific). The molecular model of MDHDC was generated with Chem-BioDraw Ultra and Chem3D Pro (both from CambridgeSoft). The inter-residue distances and the size of MDHDC were calculated with PyMOL.
Assays with FH6 -8-The experiments with FH6 -8 were performed as described for FH19 -20 but with the following concentrations of FH6 -8: heparin bead assay, 3 g; gel shift assay, 30 g; MDA-PLL assay, 1 g/ml; hexyl-MDHDC assay, 1 g/ml; NaCl effect assay, 0.9 g/ml; A-BSA assay, 6 g/ml; and MDA-peptide assay, 0.7 g/ml.
RESULTS
Commercial tba-MDA Can Also Be Used in MDA Modifications-Because preparation of sodium-MDA commonly used in modifications is somewhat cumbersome, we asked whether the commercially available tba-MDA could be used instead. To answer this, we modified BSA with both salts of MDA and compared the products in three ways. First, the relative fluorescence resulting from MDHDC adducts was observed to be similar for sodium-MDA-BSA and tba-MDA ( Fig. 2A) . Second, the increase in mobility in native PAGE due to loss of positive charge in reaction with MDA was similar for BSA modified with the different MDA salts (Fig. 2B ). Third, binding of the anti-MDHDC mAb 1F83 ( Fig. 2C ) and FH (D) to sodium-and tba-MDA-BSA was not statistically different at saturating coating. Because BSA modified with sodium-or tba- MDA behaved similarly in all our assays, some modifications were performed using tba-MDA.
Positively Charged Residues of FH19 -20 Are Needed for Binding to MDA-BSA-Target recognition domains 19 -20 of FH, shown recently to interact with MDA epitopes (12) , are also a hot spot for mutations in aHUS (29 -31) . We asked whether the disease-related mutations would affect binding of FH19 -20 to MDA-modified targets. Therefore, interactions of 12 different FH19 -20 mutants with MDA-BSA were compared with that of the WT FH19 -20. Eight mutations, all but one (K1188A) reported in aHUS, resulted in altered binding to MDA-modified BSA (Fig. 3A) . The location of these residues on the crystal structure of FH19 -20 (36) is shown in Fig. 3B . With the exception of W1183L, a positively charged residue has been mutated to alanine in all the mutants showing decreased binding. Conversely, mutants T1184R and E1198A, interacting more strongly with MDA-BSA, involved a net gain of positive charge. These results suggest that FH19 -20 binds MDA-BSA via positively charged residues.
Because of the dependence on positive charges of FH19 -20, we next verified the ionic nature of the interaction. Binding of FH19 -20 to MDA-BSA was reduced ϳ80% by increasing NaCl concentration to twice that of the physiological level (300 mM), indicating that the interaction is salt-dependent ( Fig. 3C) .
MDA-BSA Competes with Heparin and DNA for Binding to FH19 -20-The residues involved in the binding of FH19 -20 to MDA-BSA are nearly exactly the same as those responsible for the binding of FH19 -20 to heparin (23, 24, 36) . The overlap in the recognition sites for these ligands on FH19 -20 was verified by the effective inhibition of FH19 -20 binding to heparincoated beads by MDA-BSA (Fig. 4, A and B) .
It has been shown previously that FH19 -20 also binds to DNA (26), but the residues responsible for the interaction are unknown. In a gel shift assay, MDA-BSA, but not native BSA, prevented the binding of FH19 -20 to linearized plasmid DNA ( Fig. 4C) , indicating an overlap between these recognition sites as well.
Removal of Positive Charges of BSA Enhances FH19 -20 Binding-Dependence on positively charged residues of FH19 -20 and overlap of the recognition site with those for the polyanionic ligands suggested that the target on MDA-BSA was negatively charged. This was surprising because none of the described structures generated by MDA modification contain negative charges (Fig. 1) . To test whether the removal of positive charges of lysines of BSA due to MDA modification is responsible for FH19 -20 binding, we used acetic anhydride to replace the amino groups of lysines with neutral structures different from the MDA adducts. The net negative charges of the prepared acetylated and MDA-modified BSA were nearly equal, according to very similar mobilities in native PAGE (Fig.  5A) , whereas only the MDA-modified BSA was recognized by the anti-MDHDC mAb 1F83 (B). Both acetylation and MDA modification resulted in enhanced binding of FH19 -20 (Fig.  5C ), although binding to MDA-BSA was higher. These results indicate that removal of positive charges of lysines, i.e. the increase in the net negative charge due to MDA modification of BSA, is at least partially responsible for the interaction with FH19 -20.
Modification of Proteins with Decreasing Isoelectric Points
Results in Increasing FH19 -20 Binding-To get more support for the role of negative charges in binding of FH19 -20 to MDAmodified targets, seven proteins with different pIs were modified with MDA. Binding of FH19 -20 showed an increasing trend with decreasing pI of the target protein (Fig. 5E ). The observed effect was not related to the MDA adducts per se because binding of anti-MDHDC mAb 1F83 was not increased with a decreasing pI (Fig. 5D ). It is noteworthy that unmodified pepsin with a pI of only 3 and MDA-BSA bound approximately equally to FH19 -20 ( Fig. 5E ). It should also be noted that pepsin has a very low content of modifiable lysines (only a single residue or 0.3%) when compared with the other proteins used (4 -10%). Taken together, these results give support for FIGURE 3. Binding of FH19 -20 mutants to MDA-BSA and the effect of NaCl on the interaction. A, microtiter plates coated with MDA-BSA were incubated with WT or mutant FH19 -20. Bound proteins were detected with anti-FH antibody, and the respective HRP conjugate. The background signal obtained for FH19 -20 binding to native BSA was subtracted from the results. Data presented are mean Ϯ S.D. of experiments performed three times in triplicate. *, p Ͻ 0.05. B, previously published structure of FH19 -20 (PDB code 2G7I) was used to visualize the location of the residues observed to be involved in MDA-BSA binding. A mesh representation of FH19 -20 is shown, with the residues important in the interaction highlighted in dark gray. C, microtiter plates coated with MDA-BSA were incubated with FH19 -20 and increasing concentrations of NaCl. Bound protein was detected as in A.
FH19 -20 interacting with negative charges on modified proteins.
FH19 -20 Interacts Only with an Abundance of MDA Adducts-Because the binding of FH19 -20 was weaker to acetylated than to MDA-modified BSA, we asked whether FH19 -20 would interact with the MDA adducts themselves. To test the binding of FH19 -20 to a single adduct, we synthesized hexyl-MDHDC. This compound resembles the MDHDC adduct in a side chain of lysine (9) and has been shown earlier to inhibit the binding of immunoglobulins to MDA-modified albumin (10, 39) . Also, in our hands, hexyl-MDHDC dose-dependently prevented the binding of the anti-MDHDC mAb to MDA-BSA, with approximately equimolar concentrations needed to reduce the binding by 50% (Fig. 6A ). Hexyl-MDHDC did not, however, inhibit the binding of FH19 -20 to MDA-BSA, not even when present at 250-fold molar excess (Fig. 6A ). This indicates that single MDHDC adducts on MDA-BSA are not responsible for the binding of FH19 -20.
Instead of a single adduct, the binding of FH19 -20 could require multiple adducts in a row. To test this, we chose to modify peptides containing one, three, or five lysines with MDA. The formation of MDHDC adducts was verified by showing the binding of the anti-MDHDC mAb 1F83 (Fig. 6C) , and the multiplicity of these structures within the peptides containing three or five lysines was confirmed with mass spectrometry (MALDI-TOF/TOF) (B). No interaction of FH19 -20 with MDA-modified peptides was observed (Fig. 6E) . These results indicate that FH19 -20 does not recognize up to five neighboring MDA adducts.
Because MDA adducts might also appear in large clusters on modified proteins, we next tested whether a surface with several MDA-modified lysines would bind to FH19 -20. To avoid the contribution of the negatively charged residues to the interaction, we used MDA-modified poly-L-lysine (MDA-PLL). The presence of MDA adducts in modified PLL was confirmed by showing the binding of the anti-MDHDC mAb 1F83 (Fig. 7A) . Also, FH19 -20 interacted with the modified, but not with the native, PLL (Fig. 7B ). This indicates that FH19 -20 interacts with MDA adducts when these are present in abundance on a surface, even in the absence of negatively charged side chains of modified proteins.
Integrity of the MDA-modified Protein Is Essential for FH19 -20 Binding-Because FH19 -20 bound only to a surface with multiple MDA adducts, we asked whether the interactions of FH19 -20 with MDA-modified proteins would also require large binding sites with several closely located structures. We first used the crystal structure of FH19 -20 (36) to visualize the location of residues whose mutation had an effect on binding to MDA-BSA. Compared with the size of a modeled MDHDC adduct (ϳ7 Å), the binding site on FH19 -20 was found to be very large, with inter-residue distances of up to 20 Å (Fig. 8) .
To test whether the structures on MDA-modified proteins responsible for binding to FH19 -20 also need to be present as clusters, we chose to analyze the effect of proteolysis on interactions of MDA-ubiquitin with FH19 -20. Digestion of modified ubiquitin into peptides had no effect on the MDA adducts as such because binding of anti-MDHDC mAb 1F83 and fluorescence resulting from the MDHDC adducts were unaltered ( Fig. 9, A-C) . Although the intact MDA-ubiquitin was able to prevent binding of FH19 -20 to MDA-modified BSA, protease treatment abolished the inhibition (Fig. 9D) . These results indicate that the FH19 -20 interaction needs the integrity of the modified protein and suggest that the sites recognized on the MDA-modified proteins are surfaces consisting of several closely spaced structures.
FH6 -8 Behaves Differently from FH19 -20 in Binding to MDA-modified Targets-Because domains 6 -8 of FH have also been shown to interact with MDA-modified BSA (12), we repeated most of the assays using FH6 -8. Similar to FH19 -20, interactions of FH6 -8 with both heparin (Fig. 10A) and DNA (B) could be inhibited with MDA-BSA. Binding to MDA-PLL was observed also for FH6 -8 (Fig. 10C) , and, as with FH19 -20, hexyl-MDHDC was unable to inhibit the interaction of FH6 -8 with MDA-BSA (D). Unlike FH19 -20, the binding of FH6 -8 to MDA-BSA was only partially inhibited with NaCl (Fig. 10E) , and no interaction with acetylated BSA was detected (F). Further, dissimilar to FH19 -20, the binding of FH6 -8 to MDAmodified peptides was observed (Fig. 10G) . Taken together, FH domains 6 -8 and 19 -20 behave partially differently with MDA-modified targets.
DISCUSSION
Factor H has been shown recently to interact with MDA epitopes via domains 6 -8 and 18 -20 (12) . In this study, we show that FH19 -20 binds only to clustered MDA adducts, and, For heparin binding assays, FH19 -20 was preincubated with BSA modified with MDA and acetaldehyde (MDA-BSA) or with acetaldehyde only (control BSA). These mixtures (start) were added onto heparin beads. A, samples of flow-through (FT) were run in SDS-PAGE, the gels were stained with Coomassie G-250, and FH19 -20 bands were visualized with UV light. B, the bands were analyzed using ImageJ software. The intensity of each FT protein band was compared with that of the respective start material (percent), and the means Ϯ S.D. were calculated. The assay was done with three different sets of beads. C, linearized plasmid DNA was mixed with FH19 -20 and various amounts of MDA-BSA (0, 12, 24, 48, and 72 g). Samples were run in agarose gel electrophoresis, and DNA migration was visualized with UV light. An image of one representative gel of three is shown. The identity of each band is indicated for clarity. even in that case, the negative charges exposed on the protein by the MDA modification dominate the interaction. Further, several aHUS-related mutations in FH19 -20 were found to alter binding to MDA-modified targets, proposing that defects in FH-MDA interactions could be involved in the pathogenesis of aHUS.
FH domains 19 -20, important for target discrimination, have been shown to bind various anionic ligands, including glycosaminoglycans represented by heparin (23, 24) , DNA (26), and sialic acids (25) . Taking into account the high electropositivity of FH domains 19 -20 (theoretical pI Ϸ9), our observation of the binding target on MDA-modified BSA being negatively charged is not surprising. None of the reported MDA adducts themselves, however, are negatively charged ( Fig. 1) (1-3) . BSA, on the other hand, is a rather anionic protein (pI 5) (40), and modification of its abundant lysines (10%) is expected to turn it very negative overall. In other words, masking the positive charges of lysines presumably makes the negatively charged side chains of BSA more exposed and, therefore, available for interactions. To support this, FH19 -20 was shown to interact with acetylated BSA in which the positive charges of lysines had been removed without introduction of MDA adducts (Fig. 5C ). Because acetyl groups themselves have not been found to affect FH-mediated complement regulation (41, 42) , the carboxylic acid groups of amino acid side chains are likely to be responsible for the interaction. Further, when multiple different pro-teins were modified with MDA, binding of FH19 -20 was shown to increase with decreasing pI of the target protein (Fig.  5E ). On the basis of these aspects, it appears plausible that the interaction of FH19 -20 with MDA-modified BSA is at least partially mediated by negatively charged residues of the latter.
Binding of FH19 -20 to MDA-polylysine devoid of negatively charged residues indicates that FH19 -20 also interacts with MDA adducts per se (Fig. 7B ). Like all our MDA-modified targets, MDA-polylysine was shown to contain MDHDC adducts using the specific anti-MDHDC antibody 1F83. Because MDA modification can result in the formation of other adducts besides MDHDC (1, 2) , and because the presence of those could not be excluded in our samples, we cannot conclude which of the MDA adducts FH19 -20 interacts with. Nevertheless, negative charges on MDA-modified proteins probably dominate the interactions with FH19 -20. Being neutral structures (Fig.  1) , the MDA adducts cannot explain either the ionic nature of the interaction (Fig. 3C ) or its dependence on the widely spread positively charged residues of FH19 -20 involved in the interaction (A). Therefore, the surfaces with multiple, closely spaced structures essential for FH19 -20 binding, as indicated by the effect of proteolysis on the interaction (Fig. 9D) , are best interpreted as clusters of negatively charged amino acid side chains.
The ability of FH to recognize MDA-modified surfaces on the basis of their negative charge without a requirement for certain adducts like MDHDC could actually be beneficial. When proteins are treated with MDA, N-propenal (Fig. 1) is the major adduct with very little complex structures formed (37, 43, 44) . If MDHDC is desired in abundance, extra acetaldehyde is needed in modifications (10) . Although MDHDC has been shown in atherosclerotic aortas (34) , concentrations of both MDA and acetaldehyde in serum are generally very low (45, 46) . Therefore, in vivo complex adducts are likely to be very sparse, and simple structures presumably dominate. The complement-activating anti-MDA immunoglobulins of human serum (16) , on the other hand, supposedly recognize a multitude of different adduct structures. Thus, by recognizing modified targets mainly on the basis of their negative charges, FH would be able to regulate complement activation on any surface, regardless of the complexity of the MDA adducts formed. A, MDA-BSA was immobilized on a microtiter plate, and wells were incubated with anti-MDHDC mAb 1F83 or FH19 -20 and increasing concentrations of hexyl-MDHDC. Bound 1F83 was detected with an HRP-conjugate, and background binding in the absence of 1F83 was subtracted from the results. FH19 -20 was detected with anti-FH antibody and the respective HRPconjugate, and binding to the BSA background was subtracted from the results. Data presented are mean Ϯ S.D. of experiments performed three times in triplicate. B, peptides with sequences SSSSSK (K1), SSSSSKKK (K3), SSSSSKKKKK (K5) were modified with MDA and acetaldehyde and then subjected to analysis with MALDI-TOF/TOF. Detected ion masses were compared with those of unmodified peptides. Resulting changes in massto-charge ratios (⌬m/z) were tested against different combinations of possible adducts known to be formed in MDA modifications, exemplified by the MDHDC structure (mass increase of 134.04). Data for the peaks with the highest intensities for peptides containing three and five lysines (MDA-K3 and MDA-K5) is given. C and D, microtiter plates were coated with the peptide modification mixtures or controls (buffer containing only native peptides or MDA and acetaldehyde). Wells were incubated with the anti-MDHDC mAb 1F83 (C) or FH19 -20HA and anti-HA tag antibody (D). Bound 1F83 and anti-HA antibody were detected with HRP-conjugated anti-mouse and anti-rabbit antibodies, respectively. Background signals obtained with detection antibodies only were subtracted from the results. Data presented are mean Ϯ S.D. of experiments performed three times in triplicate.*, p Ͻ 0.05; ns, not significant. The structure of FH19 -20 published previously (PDB code 2G7I) was used to visualize the location of the residues observed to be involved in MDA-BSA binding (Fig. 3A) . A mesh representation of FH19 -20 is shown, with the residues important in the interaction with MDA-BSA marked with dark gray. Distances between the tips of the side chains are indicated in ångströms next to the dashed lines. A modeled structure of an MDHDC adduct is shown on the right for size comparison.
A clear situation when complement inhibition on surfaces with MDA modifications could be needed is aHUS. In this disease, there is severe damage to the endothelium (27) , and MDA adducts have been shown on endothelial cells injured by induction of apoptosis (4, 32) . Another characteristic of aHUS is the formation of thrombi in the microvasculature (27) . During platelet activation, MDA is formed in equimolar amounts compared with the synthetized thromboxane A2 (47) . Further, the predominating acidic pH in the inflammatory environment in the thrombotic vessels favors the more reactive form of MDA (1), leading to the enhancement of modifications. In addition to endothelial damage and thrombosis, patients with aHUS also experience intravascular hemolysis (27) , leading to liberation of hemoglobin and iron into plasma. "Free" redox-active iron cannot only initiate but particularly efficiently catalyze lipid peroxidation (48, 49) , a source of MDA (1) . Taken together, it is evident that MDA is formed in aHUS.
Supporting a role for oxidative modifications like MDA adducts in complement regulation, the binding of FH to human endothelial cells has been shown to increase after their exposure to purified heme (50) . In this context, our finding of altered binding of FH19 -20 to MDA-modified BSA because of several aHUS-related mutations (Fig. 3A) becomes highly interesting. Mutations in FH19 -20, however, affect its interactions with other ligands as well (23, 24) . Of the two binding sites for the C3d part of C3b (51, 52) , the one in domain 19 that is close to but does not overlap with the MDA-BSA site, can be used simultaneously with the heparin binding site in domain 20 (52) . The heparin binding site is, however, overlapping with that for MDA-BSA (Fig. 4A ). Because treatment with glycosaminoglycan-degrading enzymes does not affect FH binding to apoptotic cells (26) and because it only partially abolishes FH19 -20 interaction with kidney tissue (53) , some other ligand in addition to heparin or glycosaminoglycans must be present on self surfaces. Therefore, MDA adducts and defects in FHmediated protection of surfaces containing them are brought forward as an additional possible factor in the pathogenesis of aHUS.
Mutations in the C terminus of FH, however, only predispose to the syndrome (27) . Although one individual falls ill as a newborn baby, another with the same mutation encounters the disease only in adulthood. This is likely because, in addition to a genetic defect, a triggering event such as an infection, a drug, or pregnancy (27) is needed for disease onset. Interestingly, many of the agents implicated as triggers of aHUS have also been associated with oxidative stress. For example, the immunosuppressant drug cyclosporin A has been shown to result mainly in increased levels of MDA when injected into rats (54, 55) . Further, the concentration of MDA in the plasma of both patients infected with HIV (56, 57) and women with a normal pregnancy (58, 59) has been found to be elevated. Hence, should a trigger lead to formation of MDA adducts on surfaces exposed to serum, anti-MDA immunoglobulins might initiate complement activation. If mutations in FH19 -20 limit the proper interaction of FH with the modified targets on the cells, the regulation of the complement cascade is lost, with deleterious consequences. In other words, malfunction of the C terminus of FH in recognizing MDA-modified sur- faces could explain why a trigger associated with oxidative stress could initiate the disease in individuals with a mutation in FH19 -20.
Although not within the focus of this study, interactions of FH6 -8 with MDA-modified targets were also studied. Interestingly, FH6 -8 was shown to behave differently from FH19 -20 in some binding assays. Further studies are needed to confirm whether dissimilar MDA modifications are formed in age-related macular degeneration and aHUS. If this is the case, a difference in the recognition of the variable MDA adducts by the two sites of FH could explain the association of polymorphism in domain 7 with age-related macular degeneration and mutations in domains 19 -20 with aHUS.
In conclusion, the data presented in this study provide a detailed picture of the binding of FH19 -20 to MDA-modified targets. Although FH19 -20 was found to bind MDA adducts as such, the results indicate that the negatively charged side chains exposed during the modification of proteins presumably dominate the interaction. This is clearly beneficial, considering the physiological role of the C terminus of FH in protecting self cells from complement attack. By interacting with the negatively charged residues of MDA-modified proteins, FH could prevent excess complement activation on surfaces containing adducts with multiple different structures. Finally, and clinically most importantly, we showed the interaction of MDA-modified BSA with FH19 -20 to be altered by many aHUS-related mutations, proposing that defects in complement regulation on surfaces containing MDA modifications are involved in the pathogenesis of the disease. Fig. 4 . The assay was done with three different sets of beads, and data from a representative experiment are shown. B, a linearized plasmid DNA (0.1 g) was mixed with FH6 -8 and various amounts of MDA-BSA (0, 27, 54, and 81 g) in 30 l. Samples were run in agarose gel electrophoresis, and DNA migration was visualized with UV light. An image of one representative gel of three is shown. C-G, microtiter plate assays of FH6 -8 binding to modified proteins and peptides. C, wells were coated with PLL modification mixture containing MDA or controls (native PLL or buffer with MDA only) and then incubated with FH6 -8. D, wells were immobilized with MDA-BSA following incubation with FH6 -8 and increasing concentrations of hexyl-MDHDC. E, wells were coated with MDA-BSA and then incubated with FH6 -8 and increasing concentrations of NaCl. F, wells were immobilized with native BSA, MDA-BSA, or A-BSA, followed by incubation with FH6 -8. G, wells were coated with the peptide modification mixtures or controls (buffer containing only native peptides or MDA and acetaldehyde) and then incubated with FH6 -8HA and anti-HA tag antibody. C-F, the bound FH6 -8 was detected with anti-FH antibody and an HRP-conjugate. G, the anti-HA antibody was detected with an HRP conjugate. The background signal obtained with detection antibodies only was subtracted from the results. Data presented are mean Ϯ S.D. of experiments performed three times in triplicate. *, p Ͻ 0.05; ns, not significant.
